How the gastric mucosa is able to withstand intraluminal acid, which can attain concentrations approaching 155 mM H+ under conditions of maximal stimulation, remains an unanswered question. The concept of the gastric mucosa as a limiting barrier to ion diffusion developed from an appreciation that the concentration of electrolytes in the stomach varies with the rate of secretion. Thus gastric juice has a high Na+ and a low H+ concentration at low secretory rates, while at high secretory rates the reverse is found.1 In addition it is well known that a reduction in H+ and gain in Na+ occurs after instillation of exogenous acid into the ligated stomach or gastric pouch.23 Teorell4 considered the gastric mucosa as a diffusion barrier and described events at the mucosal surface in terms of an exchange diffusion between H+ in the lumen and Na+ in the mucosa. In contrast, Hollander5 proposed a two component barrier consisting of the mucus layer lining the gastric mucosa together with the subjacent layer of epithelial cells and suggested that the reduction in H+ concentration resulted from dilution and neutralisation by a Na+ containing non-acid secretion or leakage of interstitial fluid.
The gastric mucosal barrier was sytematically studied by Davenport,6 who considered it to be formed by the apical membrane of the surface epithelial cells together with the tight junctions linking adjacent cells. Competent tight junctions prevent diffusion of the gastric contents into the mucosa with loss of H+ from the lumen and entry of Na+ limited by this ion barrier. Numerous compounds which damage the stomach, including salicylates, alcohol, and bile salts, increase the permeability of the barrier inducing diffusion of acid into the mucosa with subsequent development of haemorrhage and mucosal erosion.8 7 Whether or not back-diffusion of acid is a normal physiological process is uncertain and, indeed, a recent review of the question concluded that there is no direct evidence that the disappearance of H+ from the lumen of the stomach is caused by back-diffusion.9
Whereas Davenport ascribed to mucus the chief function of lubrication, Heatley10 suggested that mucus played a major role in protecting the gastric epithelium by providing an unstirred layer on the surface of the mucosa. He proposed that H+ diffusing in from the gastric lumen is neutralised by HCO3 secreted from the mucosa. Thus the mucus gel could provide an unstirred layer which maintains HCO3 at the mucosal surface and prevents it from mixing with bulk HCI in the lumen of the stomach. Until now there has been a lack of appropriate data to enable assessment of these hypotheses on the nature of mucosal protection. However, recent work on two aspects of the mucosal barrier-namely, the structure of the mucus gel11 1213 and the demonstration of an active HCO3 secretion by surface epithelial cells14 15 16 -has provided important new insights at the molecular level into how these two secretions could function in mucosal protection. Taken in isolation, mucus and HCO3 secretions would be of limited effect against the luminal HCI but, as will become evident, when considered as a single system they could provide an effective means of protection.
In this report, we present our understanding of (1) the structure and properties of the mucus gel and (2) the mechanism of HCO3-secretion. In a third section, which of necessity is speculative, we discuss the possible role of mucus and HCO3 as a physiological mechanism for protection of the mucosal surface from acid and their possible implication in the pathogenesis of gastric mucosal damage.
Mucus structure and properties Mucus is secreted to form a flexible gel adhering to the surface of the gastric mucosa. To understand how this is achieved it is necessary to know the structure of the gel. The molecules on which gel formation depends are glycoproteins, and these can be readily obtained in a soluble form by proteolysis'7 18 19 or by reduction using thiol reagents.202' These techniques are successful because they break covalent peptide and disulphide bonds respectively within the gel matrix and produce degraded glycoproteins which are devoid of the gel-forming and viscous properties of the original secretion.2223 However, it is possible to solubilise the gel to obtain undegraded glycoprotein by mild stirring or homogenisation in 02 M NaCl, and, by the latter method, all the glycoprotein in the gel is solubilised.24 The resulting undegraded glycoprotein can then be separated from the contaminating non-covalently bound protein by gel-filtration; the very large molecular weight glycoprotein is excluded, whereas the lower molecular weight protein is retained.2626 By following this procedure for pig gastric mucus, an undegraded glycoprotein is obtained which accounts for over 95% of the total glycosubstance in the gel and which possesses the viscous and gel-forming properties of the parent mucus secretion." 12 13 This glycoprotein is still not pure, containing between 5-10% by weight of non-covalently bound extraneous protein, which is excluded with it on gel-filtration.27 To enable accurate analysis of the glycoprotein, particularly with respect to its protein core, it is important that remaining free protein be completely removed. This can be 1322 The glycosylated region is rich in the amino acid residues, serine, threonine, and proline, and attached to the first two of these residues are large branched carbohydrate chains with an average of 15 sugar residues per chain.18 28 29 These chains are closely packed along the length of the core, forming a sheath of polysaccharide which protects it from proteolytic attack. In contrast, the nonglycosylated region of the protein core has an amino acid content more typical of a globular protein and is free of carbohydrate side chains, with the result that it is accessible to proteolytic digestion. It is this part of the core that is absent in the glycoprotein after proteolytic digestion-for example, with pepsin or trypsin (Table) . However, the most striking difference between these two preparations is their molecular weight; 2 x 106 for undegraded glycoprotein compared with 5 x 105 for material obtained by proteolysis.22 Reduction with mercaptoethanol also splits the undegraded glycoprotein into four subunits of 5 x 105 molecular weight but has no effect on the glycoprotein obtained after proteolysis.2'
A diagrammatic representation of these findings is given in Fig. 1 It has already been established that the complex carbohydrate side chains of the glycoproteins from human and pig gastric mucus are very similar, if not the same,18 32 with both carrying the determinants for A and H blood group substance activity.28 29 Now it is clear that this close structural similarity extends to the polymeric structure of the undegraded glycoprotein forming the gel and, consequently, the biochemical and biophysical properties of pig gastric mucus can be applied to interpreting those of human gastric mucus.
To enable gel formation, the undegraded glycoprotein must exceed a threshold concentration of between 30-50 mg per ml both in ii'o and in vitro.'2 13 Preceding gel formation in vitro, the viscosity of the solution gradually increases with increasing glycoprotein concentration with a precipitous rise occurring when the concentration exceeds 20 mg per ml. Data from viscosity and sedimentation studies using the ultracentrifuge show that, in solution, the glycoprotein is highly hydrated with an expanded structure such that 1 g glycoprotein will occupy a solution volume of 40 ml compared with a volume of less than 1 ml occupied by 1 g of an average globular protein.
At a concentration of about 20 mg per ml the expanded glycoprotein molecules are completely filling the solution and as the concentration increases further so their molecular domains overlap, the intermolecular non-covalent interactions increase, and the solution becomes increasingly viscous until it reaches the consistency of the mucus gel.12
Following on from this model of gel structure, where the glycoprotein molecules are permeating the whole of the matrix, it can now be appreciated that mucus gel provides an excellent unstirred layer retarding any mixing of the ions within its interstices with those in the bulk phase of the gastric lumen. At the same time, the concentration of glycoprotein in mucus is still less than 5 % of the total weight of the gel and it would seem unlikely to act as a physical barrier to the diffusion of small ions. Certainly ions such as H+ and HCO3-can diffuse through the mucus gel,10 although at a slower rate than through an equivalent volume of solution.33 Whether their rate of diffusion is the same as that for an equivalent volume of unstirred solution is difficult to measure because of the problems of creating such a layer of comparable thickness in the absence of mucus. This is further complicated by the charge distribution within the mucus gel, which may also influence the diffusion of ions. Once the threshold glycoprotein concentration for gel-formation has been reached, further increases in glycoprotein concentration will result in a still thicker gel. However, it would follow from the above, where 95 % of the gel is composed of water, that a considerably thicker gel would be required before the passage of small ions through its matrix was prevented completely.
If the glycoprotein is to be capable of gel-formation it must be in the polymeric form of the undegraded glycoprotein (mol. wt. 2 x 106): in other words, the subunits alone will not form a gel at anything approaching the concentrations of glycoprotein found in viio in the mucus.'1 13 The mucolytic action of proteolytic enzymes and thiol reducing agents is due to splitting of covalent bonds within the glycoprotein structure to produce subunits (mol. wt. 5 x 105). Therefore the polymeric configuration of four glycoprotein subunits joined together by disulphide bridges is an essential prerequisite to enable formation of the gel. Studies with both pig and human gastric mucus2031 show that pepsin will break down this polymeric structure and thus, in viio, pepsin continuously erodes the gel, adhering to the surface, producing the soluble degraded glycoprotein subunits found in the lumen of the stomach.
The precise role of the other structural features of the glycoprotein in gelformation is uncertain. This is particularly the case with the large carbohydrate chains which have been the subject of detailed analysis in mucus glycoproteins from a variety of sources including those from pathological conditions.34 Clearly the carbohydrate chains will interact with water and, as they comprise over 80% by weight of the glycoprotein, their presence is compatible with the high degree of hydration which contributes to the special rheological properties of the molecule.'2 At the same time major changes can occur in the structure of the carbohydrate chains without apparently affecting gel-formation by the mucus secretion.'3 Also, changes in conformation which result in contraction or expansion of the glycoprotein molecules in solution might be expected to alter the threshold concentrations for gel-formation. ' Inhibition of H+ secretion and appearance of HCO3-in the lumen which accompanied intravenous administration of sodium thiocyanate in the cat may result from SCN--induced leakage of HCO3-.' An alternative explanation of this finding, on the basis of the known inhibitory action of SCN -on H+ transport, is that it unmasks a simultaneous but quantitatively smaller HCO3 secretion. This explanation is supported experimentally by the observation that an alkalinisation of the luminal side of amphibian isolated fundic mucosa occurs in the absence of any increase in the passive conductance of the membrane after exposure of the tissue to SCN-.14 The presence of HCO3-in human gastric juice after instillation of glycine buffer`4 and in achlohydric patients55 also seems to support the proposal that alkaline secretion is normally masked by a higher acid output. Much of the controversy relating to the presence of a gastric alkaline secretion may therefore reflect the problem of measuring HCO3 in the presence of a higher rate of H+ secretion.
Two main approaches have been used in the measurement of gastric HCO3 secretion-namely, pH-stat titration of net alkalinisation by antral and non-acid secreting fundic mucosa,'5 or intragastric measurement of pH and pCO2.'6 For in vitro experiments, amphibian mucosa is generally preferred due to the problems of providing sufficient oxygenation of the thicker mammalian tissue.56 After removal of external muscle layers, the mucosa is mounted as a membrane between the two halves of a flux chamber. The serosal solution is buffered (pH 7.20) and the unbuffered luminal bathing solution maintained at pH 7.40 by continuous infusion of HCI, thereby enabling the rate of alkaline secretion to be determined. Unlike the isolated mucosal preparation, which can be adequately ventilated in order to remove C02, intragastric titration of HCO3 with HCI in vivo can give rise to a number of potential problems, including CO2 formation which will acidify the solution and necessitate use of a lowered (less than pH 7) endpoint. In some respects, this situation is comparable with determination of acid secretion by intragastric titration with NaHCO3 and these limitations have been discussed previously.57 However, titration with HCI at an endpoint of pH 6.0 has recently been reported for the measurement of net HCO3 secretion in canine Heidenhain pouch perfusates after inhibition of H+ secretion by infusion of the histamine H2-receptor antagonist, cimetidine. Cholinergic stimulation has also been demonstrated to induce an alkaline secretion by canine gastric mucosa and this response is accompanied by an increase in fundic and antral mucosal cyclic GMP levels." The rate of HCO3 secretion by guinea-pig stomach is quantitatively sufficient to account for the continuous loss of H+ ions from the gastric lumen reported previously.1 49 Removal of H+ ions as a result of neutralisation could also account for the observation that a reduction in osmolarity occurs after intragastric instillation of isotonic HCl." In the guinea-pig, it was suggested that HCO3-secretion is coupled to Na+ co-ion as stimulation of HCO3-transport by carbachol was accompanied by an equivalent increase in Na+ output. The net result of HCO3 and Na+ secretion with subsequent neutralisation of acid would thus appear as an interdiffusion of H+ and Na+, thereby providing an explanation which could account for the earlier hypotheses of both Teorell4 and Hollander.5
The surface epithelial cells of the gastric mucosa are responsible for mucus secretion and it is likely that these cells are also the major site of HCO3 secretion. Apart from some endocrine cells, Necturus antral mucosa, which secretes HCO3 , but not H+, is composed principally of surface epithelial cells. There is a close morphological similarity between this cell type in fundic and antral mucosa and the properties of HCO3-transport in tissues from these two regions of the amphibian stomach are almost identical.'559 Furthermore, high concentrations of carbonic anhydrase and cGMP diesterase are present in the surface epithelial cells of gastric mucosa.65 " In the isolated mucosa, the action of acetazolamide displays an asymmetric effect, inhibiting HCO3 secretion at a concentration of 10-4 M if applied to the secretory side of the membrane, whereas 10-2 M is required to produce the same effect when applied to the nutrient side.'5 Mucus secretion is considered to be vesicular but whether HCO3 originates from these same vesicles or is a function of the luminal cytoplasmic membrane remains an intriguing question.
Recent data obtained in isolated fundic mucosa have shown a marked reduction in HCO3-secretion in Cl -free luminal side bathing solution,67 suggesting that HCO3-may cross the apical membrane in exchanee for Cl An alternative model68 proposes a HCO3-/C-exchange on the nutrient membrane of surface epithelial cells which provides the interior of these cells with HCO3-for intracellular neutralisation of H-diffusing from the luminal solution.
Mucosal protection
Consideration of the structure and properties of the mucus gel indicates that alone it is likely to provide little direct protection of the epithelial surface from acid, but does suggest its potential suitability as an unstirred layer for the surface neutralisation of H+ ions by HCO3W. The rate of gastric HCO3-secretion in the guinea-pig amounts to about 5-10% of histamine stimulated (maximal) acid output. In these circumstances, therefore, only about onetwentieth of secreted acid can be neutralised by HCO3 . If this relatively small amount of alkali is to be sufficient to prevent acid reaching the mucosal cells then certain properties of the mucus gel are required. By providing an unstirred layer, the mucus gel would confine reaction between secreted HCO3 and H+ entering the gel such that a pH gradient will occur from a low value on the luminal side to a pH approaching neutrality on the mucosal side (Fig. 2) . For this to succeed, HCO3 must be secreted at a molarity approximately equal to that of H+ entering the gel. The previously reported concentrations of HCO3 measured in v'iVo4950 will have been diluted with fluid from the lumen and mucus gel and it is reasonable to assume that HCO3-is 47 Other non-steroidal anti-inflammatory agents known to damage the gastric mucosa, including indomethacin and fenclofenac,70 71 also inhibit active HCO3-secretion.72 Acetazolamide, which inhibits antral and fundic HCO3 transport in vitro, damages the surface epithelium and decreases the ability of the mucosa to resist intraluminal acid.73 74 The bile salt, sodium taurocholate, which is known to be ulcerogenic, inhibits HCO3-secretion in vitro.75 Finally, alpha adrenergic agonists reduce alkaline secretion in the isolated gastric mucosa,61 and this suggests a possible role in the pathogenesis of stress ulceration.
The ability of prostaglandins to inhibit ulceration in laboratory models was originally noted by Robert.76 Inhibition of ulcer formation in the presence of exogenous acid or at prostaglandin doses below their antisecretory threshold and by prostaglandins devoid of antisecretory activity suggests that their anti-ulcer activity is mediated by a mechanism unrelated to inhibition of acid secretion.77 7 79 Some prostaglandins, including the synthetic analogue 16,16 dimethyl-PGE2, have been reported to increase HCO3-secretion in amphibian isolated gastric mucosa and in the dog stomach in ,ilvo.5862 80 This agent also prevents the inhibitory action of indomethacin on HCO3-transport in vitro.72 It is thus possible that some of the hitherto unexplained anti-ulcer actions of these agents are mediated via stimulation of HCO3 secretion.62 E-type prostaglandins have been reported to stimulate the production of soluble mucus but not mucus gel in the rat stomach and to increase the levels of bound sialic acid, a sugar characteristic of glycoprotein, in human gastric washouts,4243 although it is not easy to relate the latter to changes in the surface mucus gel. On the basis of histological evidence and incorporation of radioactivity into the sugars of the total gastric mucosa, the anti-ulcer agent, carbenoxolone has also been reported to increase mucus production.81 82
Protection of the gastric mucosal surface against acid and peptic digestion is a complex problem involving a balance between aggressive and defensive factors. The structure and physiochemical properties of mucus when considered together with the active secretion of HCO3-could provide the firstline defence. Other factors are clearly important. The rapidly regenerating, subjacent, epithelial cell layer would be a second line of defence. A first stage in this latter process would be the rupture of the surface membrane and explosive release of mucus as recently observed in a morphological study of the dog gastric mucosa.83 As a consequence of this, large scale loss of surface membrane would be a major step in breakdown of the gastric mucosal barrier.84 The special resistance of certain cell membranes is exemplified by the cells of the gastric glands which are not covered by mucus. Here HCl production is a membrane mediated process, although it is not known how their membranes withstand an environment of such low pH. 
